This work presents for the first time a zeolitic imidazolate framework (ZIF)-coupled resonant gas sensor whose sensitivity shows an improvement up to 78 times over bare silicon resonant sensors with identical dimensions. ZIFs are among the highest surface area material used for resonant-based sensing. We utilize high surface area-to-volume ratios of ZIFs to demonstrate how a microresonator coupled with ZIF crystals can provide high sensitivity to chemical vapors.
Introduction
Resonant sensors can detect chemical and biological analytes by measuring shifts in the resonant frequency ( f 0 ) due to adsorption-induced mass changes. The change in the resonant frequency ( f ) is given by
Hence, either increasing the adsorbed mass ( m) or decreasing the resonator mass (m) results in improved sensitivity (i.e., larger fractional frequency shifts ( f / f 0 )). Substantial research has been undertaken in exploring the fundamental limits of resonant sensors to detect mass with zeptogram resolution [1] and quantum ground state [2] . These fundamental studies require ultra-high vacuum (10 −8 Pa) and/or extremely low temperatures (25 mK) to achieve low noise for improved resolution. As (1) shows, miniaturizing sensors toward nanometer dimensions (i.e., reducing the resonator mass) improves their sensitivity. However, device scaling does create some challenges. For example, ultra-small sensors have smaller capture areas, so analyte molecules take 6 Author to whom any correspondence should be addressed. a longer time to accumulate on the sensor. This problem is most pronounced when detecting low concentrations of analytes [3] and requires the application of specific methods such as the precise control of the flux of analytes [1] . Smaller resonant devices also tend to have lower quality factors [4] , and resolution degrades with the decreasing quality factor. In this work, we describe a sensing approach that provides the sensitivity of nanoscale devices without sacrificing the capture area through the use of highly porous zeolitic imidazolate frameworks (ZIFs) (i.e., increasing the adsorbed mass). The ZIFs also provide potential for high selectivity to desired analytes.
ZIFs are a new class of three-dimensional crystalline structures synthesized from the transition metals bridged by imidazolate. The high surface area and tailorable nanoporosity of ZIFs are attractive for various sensing methodologies, such as the detecting changes of impedance, refractive index, and strain [5] [6] [7] . This work demonstrates resonant sensors coupled with ZIFs, which is significant as ZIFs are among the largest surface area materials used for resonant sensing. As an example, ZIF-69, has a high Langmuir surface area of 1070 m 2 g −1 and a high affinity for CO 2 , enabling superior adsorption and selectivity properties [8] . 
Experiments
As shown in figures 1 and 2, the ZIF-coupled microresonators consist of 0.47-μm thick, 45-μm long, 10-μm wide torsional beams, a 45-μm long, 45-μm wide center paddle and a target region in the center paddle to which the ZIFs are attached. When coupling resonators with ZIFs, careful fabrication considerations must be made as ZIFs are damaged at temperatures greater than 390
• C or in the acidic solutions (e.g., hydrofluoric acid). Therefore, the use of acid to etch a sacrificial layer, which is required to produce a free standing resonator, must occur before the assembly of the ZIFs. The resonators here are fabricated using sublimation drying with p-DCB (p-dichlorobenzene) and a two-step sacrificial layer process in combination with standard surface micromachining processes [9] . ZIF-69 nanoparticles are assembled into the pre-patterned target regions by a drop-casting method, which is preferred here for its flexibility to assemble a variety of materials.
The process starts with the deposition of 5.5-μm thick silicon dioxide (SiO 2 ) as the first sacrificial layer, followed by the deposition of a 470-nm thick polysilicon structural layer (figure 1(a)). After defining the resonator (figure 1(b)), the SiO 2 sacrificial layer is removed by immersing wafers in the hydrofluoric acid solution, followed by rinsing with deionized (DI) water (figure 1(c)). From this moment, careful handling is necessary as resonators are released from the substrate. To form the second sacrificial layer right after removing the first one, the following unique series of immersion steps are performed ( figure 1(d) ). First, DI water is replaced with methanol, a low surface tension solvent. Methanol is then replaced with the melted sublimation liquid, p-DCB. Once the p-DCB starts to solidify at room temperature, photoresist (PR) (AZ 4620) is immediately poured over the p-DCB, which is required because the solidified p-DCB rapidly begins to sublimate. Finally, the solid p-DCB under the released structures sublimates in a vacuum chamber. While simultaneously the p-DCB is fully sublimated, the device will be completely underfilled and covered by the PR. The thick PR is patterned using conventional photolithography techniques into a mold for ZIFs. The PR layer plays dual roles in this process, acting as both the second sacrificial layer by providing support underneath the resonator and a mold for ZIFs on top of the resonator.
In an ultrasonic bath, the ZIFs are suspended in DI water and then loaded onto the top surface of the PR mold. A flat blade is used to sweep across the surface of the mold and pack the ZIFs into the pre-patterned trenches 3 μm deep, ensuring the agglomeration and attachment of the ZIFs onto the center paddle of the resonator ( figure 1(e) ). Finally, the PR is removed with acetone to release the ZIF-coupled resonator, and the sublimation drying of p-DCB is performed again to avoid stiction. The second sublimation drying procedure does not prevent the nanoparticles from providing the enhanced surface area for adsorption, as it is performed at relatively low temperature (∼65
• C) and adsorbed p-DCB is completely removed by sublimation in a vacuum desiccator for 3 h. The ZIFs adhere onto the silicon surface without an adhesive layer, possibly a result of van der Waals forces [10] . Since no adhesive binders are required unlike a typical drop-casting technique [11] , the ZIF nanoparticles have maximum exposure to the surrounding environment to ensure the maximum physical adsorption of analytes.
The frequency spectra of the resonant gas sensors were measured with a test setup that consists of a laser doppler vibrometer (LDV, Polytec OFV-5000), a custom-built vacuum chamber, and a network analyzer (HP 8753D) as shown in figure 3 . Mechanical vibration is induced by an external piezoelectric actuator, which is controlled by the stimulus signal of the network analyzer. The frequency response is measured by the LDV.
To estimate the ZIF sensing properties, control experiments are performed using silicon resonators without ZIFs, which will be subsequently referred to as the bare silicon resonators. The measured short-term frequency noise floor and the quality factor of the resonators are shown in figure 4 . The frequency stability of the entire setup is characterized by the Allan deviation, defined as
where f i is the average frequency in the ith time interval τ , and N is the number of independent frequency measurements [12] . The Allan deviations of the resonant frequencies of the ZIFcoupled and the bare silicon resonator are 2.9 × 10 −5 and 8.7 × 10 −6 over a 10 s integration time, respectively. The presence of ZIFs on the resonators reduces the quality factor by a factor of 3. Temperature-induced frequency drift for silicon resonators is one possible noise source, as the temperature dependence of Young's modulus causes a frequency shift [13] . Also, a mismatch of the thermal expansion coefficient of an additional material (i.e., ZIFs in this work) on the silicon resonator might induce stress, resulting in a frequency shift and a degradation in the quality factor [14] . The minimum detectable mass is calculated as δM = 2m eff δ f / f 0 τ , where m eff (∼2.39 × 10 −9 g) is the effective mass by means of Rayleigh's principle [15] . Hence, the limit of detection of the ZIF-coupled resonator for gas sensing is expected to be ∼0.13 pg, and the corresponding gas concentration is approximately 15 ppm of CO 2 . different gas types may have different adsorption time delay because ZIFs can be designed to store particular gases [8, 16] . Customized design of ZIFs could enable enhanced sensitivity for target gases. Figure 6 shows f / f 0 resulting from the adsorption and desorption of different gases for the bare silicon resonators and ZIF-coupled resonators. Whereas the frequency shifts of the bare silicon resonator without ZIFs during the gas adsorption are almost negligible due to the insufficient adsorption, the resonant frequency of the ZIF-coupled resonators changes substantially due to the increase in the surface area afforded by assembled ZIFs. The process flow was designed to avoid adhesive binders that could clog the ZIFs, enabling this enhanced sensitivity to be realized. Nevertheless, the accumulation of gas on the ZIFs is likely to inhibit further adsorption at some point, leading to saturation and reduced sensitivity at higher concentrations. Response of the ZIF-coupled resonant gas sensors to N 2 , IPA and CO 2 gas given in terms of both frequency shift and equivalent loading mass.
As a result, the ZIF-coupled resonators show higher frequency shifts ranging between 32 and 78 times for different gas concentrations compared to resonators without ZIFs. Furthermore, because of the inherent selectivity of ZIFs [8] , the ZIF-coupled resonator has 1.7 times higher sensitivity to CO 2 than IPA in spite of the lighter molar mass of CO 2 . Assuming that the frequency shift is affected only by the mass change, the mass adsorbed on ZIF-coupled resonator for a CO 2 concentration of 2500 ppm is calculated to be 40 pg from equation (1), as shown in figure 6 . As an aerial mass of Figure 7 . Frequency shift ( f ) from adsorbed gas, normalized by resonant frequency ( f 0 ), molar mass (M) and concentration (C) of gas, plotted against resonator volume. Most of the compared works (the filled triangles) also employed additional functionalized layers for enhancing sensitivity and selectivity. Points inside the dotted circle utilized QCM (quartz crystal microbalance), SAW (surface acoustic wave) or FBAR (film bulk acoustic resonator) platforms [18] [19] [20] [21] [22] [23] [24] [25] [26] . Others are beam-type resonators. This work achieves sensitivity improvement 32 times over the previous work using porous silicon [27] . CO 2 is calculated as 28 ng cm −2 [17] , the amount adsorbed onto the ZIF-coupled resonator corresponds to 29 monolayers on the silicon resonator surface of 4900 μm 2 , which implies the adsorption of the ZIF-coupled resonator occurs not only on the surface but also inside the ZIFs as desired. Therefore, the ZIFs enhance the surface area for the gas detection, enabling the sensitivity of the gas sensor to be improved. Figure 7 shows the overall trend of size dependence of sensitivity in resonant gas sensors [18] [19] [20] [21] [22] [23] [24] [25] [26] . The ZIFcoupled resonator provides improved sensitivity for structures with dimensions around 10 s of μm. This size scale is of interest because it is small enough to enable the arrays of devices for applications such as electronic noses and is large enough to provide the sufficient capture area for the low concentration detection. This work achieves sensitivity improvement 32 times over the previous work using porous silicon and 78 times over the bare silicon resonators [27] .
Conclusion
This study demonstrated sensitivity improvement of the chemical vapor detection using the ZIF-coupled resonators, which have ultra-high surface area as compared to solid resonators. By using a microscale device with nanoscale features, we have leveraged the best of both size scales (i.e., the microscale capture area with nanoscale sensitivity). ZIF materials hold the promise of tunable sensitivity by the variety of organic linkers they can have. Therefore, a diverse class of ZIF materials can be assembled using the drop-casting method, making resonators useful for a wide variety of adsorptionbased sensing applications.
